Abstract: Stratospheric aerosols that are caused by a major volcanic eruption can serve as a valuable test of global climate models, as well as severely complicate tropospheric-aerosol monitoring from space. In either case, it is highly desirable to have accurate global information on the optical thickness, size, and composition of volcanic aerosols. We report sensitivity study results, which reveal the implications of making precise multi-angle photopolarimetric measurements in a 1.378-μm spectral channel residing within a strong water-vapor absorption band. We demonstrate that, under favorable conditions, such measurements would enable near-perfect retrievals of the optical thickness, effective radius, and refractive index of stratospheric aerosols. Besides enabling accurate retrievals of volcanic aerosols, such measurements can also be used to monitor man-made particulates injected in the stratosphere for geoengineering purposes.
Introduction
While the typical background value of the optical thickness of stratospheric aerosols is very small, aerosol layers caused by major volcanic eruptions can be optically much thicker and can have a significant short-term climate impact [1, 2] . As such, volcanic aerosols can represent an extremely valuable natural experiment ideally suited for testing climate models provided that the global distribution of all relevant aerosol properties is accurately determined from orbital observations [3, 4] . At the same time, the drastic appearance of an optically thick layer of stratospheric aerosols can represent a major challenge for satellite instruments intended for long-term monitoring of tropospheric aerosols. Therefore, an aerosol monitoring space mission should have a built-in capacity to retrieve stratospheric aerosols independently of tropospheric aerosols since this information is critical for the subsequent troposphericaerosol retrieval.
Besides the potentially massive contribution from a major volcanic eruption, another source of stratospheric aerosols could be the implementation of climate geoengineering programs increasingly discussed in the literature [5] . Obviously, the capability to perform global and accurate monitoring of man-made stratospheric particulates must be an indispensable part of geoengineering programs based on stratospheric aerosol injection.
One can think of various ways of inferring the properties of stratospheric aerosols from independent satellite observations, e.g., by using occultation or limb scatter measurements [6] [7] [8] . However, such retrievals do not yield simultaneous stratospheric-aerosol properties within the field of view of the instrument used for monitoring tropospheric aerosols. Furthermore, they may not yield all the requisite particle microphysics needed for climate modeling and tropospheric-aerosol retrievals. It would thus be decidedly preferable to endow the same orbital tropospheric-aerosol instrument with the capacity to independently retrieve the requisite properties of stratospheric aerosols (such as their optical thickness, size distribution, and composition).
The critical importance of satellite polarimetry for global monitoring of tropospheric aerosols was first articulated in the late 1980s and early 1990s [9, 10] . Since then passive polarimeters have come to be recognized as an indispensable part of any advanced orbital mission intended for accurate global retrievals of detailed properties of tropospheric aerosols [11] [12] [13] [14] [15] [16] . Therefore, the main objective of this paper is to discuss a straightforward way of isolating stratospheric aerosols in passive photopolarimetry by using observations in the strong 1.378-μm water-vapor absorption band [17] . We will describe a sensitivity study illustrating the capacity of a high-precision multi-angle polarimeter to yield the requisite stratospheric-aerosol properties in favorable circumstances as well as discuss what help the polarimeter may need in more challenging situations. Note that the reflection matrix relates the Stokes parameters of the incident and scattered light defined with respect to their individual meridional planes. Since the scattering medium is assumed to consist of spherical (or randomly oriented nonspherical) particles, the reflection matrix depends on the difference between the azimuth angles of the reflected and incident beams rather than on their individual values. Instead of ( , ) Q θ ϕ and ( , ), U θ ϕ in what follows we use the normalized Stokes parameters ( , ) ( , ) ( , ) and ( , ) .
To compute
we use the so-called fast invariant-imbedding technique. This numerically-exact solver of the vector radiative transfer equation is described in [24] . The requisite single-scattering input is calculated using the Lorenz-Mie program described in [25] . We assume the standard gamma distribution of particle radii [25, 26] given by eff eff
where ( )d n r r is the fraction of particles with radii from r to d , r r + eff r and eff v are the effective radius and effective variance of the size distribution, respectively, and the constant ensures proper normalization. Throughout this paper, the effective variance is fixed at a moderate value eff 0.15 = v representing size distributions that are neither too narrow nor too wide. The wavelength is fixed at 1.378 μm.
Sensitivity analysis
To simulate multi-angle satellite observations, we fix 0 μ at 0.6 and assume that the cosine of To simulate the retrieval of aerosol properties from photometric, polarimetric, and photopolarimetric observations, respectively, we use three "acceptance" criteria (A), (B), and (C), as follows: 
Here, j numbers the observation geometries; "s" labels the specific intensities (radiances) and normalized Stokes parameters computed for a "standard" aerosol model representing the "actual" aerosol population; "c" labels the same quantities computed for a "candidate" aerosol model; I ε is the relative accuracy of intensity measurements; and P ε is the polarimetric accuracy, i.e., the absolute accuracy of measuring the normalized Stokes parameters q and u. The meaning of these criteria is clear: all candidate models that satisfy criterion (A) form the set of equally acceptable aerosol models retrieved from simulated error-laden intensity-only measurements for the actual aerosol population; criterion (B) applies to polarization-only measurements; and criterion (C) is the superposition of criteria (A) and (B) applicable to the combined use of photometric and polarimetric data. In what follows, the radiometric accuracy I ε will be fixed at a rather typical value of 0.04. With one explicit exception, the assumed polarimetric uncertainty will be 0.002.
Both accuracies are characteristic of a highprecision instrument such as the NASA's Aerosol Polarimetry Sensor (APS) [12, 27] .
Let us first assume that the refractive index of stratospheric aerosols is known beforehand and is equal to m = 1.42, thereby being representative of H 2 SO 4 /H 2 O particles at the wavelength considered. We define three standard aerosol models as those given by 0,s 0. It is seen that the combined use of photomertric and polarimetric observations (the righthand column of diagrams) enables one to retrieve both 0 τ and eff r with exquisite accuracy. The high accuracy of retrieving the effective radius is fully defined by the use of polarimetry (the middle column), while intensity-only measurements (the left-hand column) have poor size sensitivity and can therefore yield inaccurate estimates of the total particle volume (or mass).
Interestingly, however, photometric observations alone can be used to retrieve the aerosol optical thickness with accuracy comparable to (if not finer than) that of polarimetric-only retrievals. This can be explained by the fact that 0,s 0. is the (normalized) Stokes phase matrix [21] . As a consequence, the normalized Stokes parameters ( , ) q θ ϕ and ( , ) u θ ϕ are weakly dependent on (and hence have reduced sensitivity to) 0 . τ This explanation implies that as 0,s τ grows, the polarimetric-only retrieval can be expected to become increasingly sensitive to the optical thickness. This is illustrated in Fig. 2 computed for 0,s 0.5 τ = and eff,s 0.25, r = 0.3, and 0.35 μm. Note that this value of 0,s τ and the particle size range may represent the extreme case of a locally thick freshly formed aerosol plume [4] . It can be seen that now the relative accuracy of the optical thickness retrieval in the middle bottom diagram is better than 6%. This accuracy can even be slightly improved by invoking radiometric measurements. The accuracy of the polarimetric-only retrieval of the effective radius is still exceptional. At the same time, the accuracy of the radiance-only retrieval of the optical thickness and effective radius has deteriorated to the point of becoming utterly unacceptable. Note that this conclusion is also valid for the effective radii used in Fig.  1 . Fig. 1 , except that now we assume that the effective radius of stratospheric aerosols is known beforehand and is eff,s r = 0.5 μm, while the refractive indices of the standard models are s m = 1.4, 1.42, 1.44, and 1.46. As before, the standard-model optical thickness is fixed at 0,s 0.1. τ = It is seen again that the intensity-only retrieval of m is highly uncertain. However, the polarimetric-only retrieval of the refractive index and the combined ptotopolarimetric retrieval of 0 τ are nearly perfect. It is seen that the polarimetric-only retrieval (the middle column of diagrams) yields a nearly perfect value of the refractive index and constrains the effective radius to better than ± 0.02 μm. Indeed, the fit for polarization is so restrictive that all the middle-column diagrams but one have no green areas showing acceptable candidate models. Furthermore, combining polarization and radiance data results in an exceedingly accurate optical thickness retrieval. At the same time, the intensity-only retrieval results in overly wide ranges of equally acceptable refractive-index and effective-radius values.
Finally, Fig. 5 demonstrates the importance of high polarimetric accuracy. It parallels Fig.  4 , but is computed assuming that P ε is 0.015 rather than 0.002. The former value may be characteristic of some types of polarimeter such as the Polarization and Directionality of the Earth's Reflectances instrument [28] . While the left-hand diagrams are the same as in Fig. 4 , the middle-column diagrams exhibit dramatically expanded areas of acceptable candidate models for the polarization-only retrieval. The right-hand diagrams show that the opticalthickness accuracy remains meaningful, whereas the retrieval of the refractive index and effective radius becomes rather poorly constrained.
Discussion and conclusions
The results of the preceding section confirm that in favorable circumstances defined by assumptions (i)-(iii) in Section 2, a high-precision multi-angle photopolarimeter has the capacity to yield the optical thickness, size distribution, and refractive index of stratospheric aerosols with exceedingly high accuracy by making 1.378-μm observations. This undoubtedly is a direct consequence of single-scattering polarization being a very sensitive function of particle size, composition, and scattering geometry, as analyzed extensively in [18, 25, 26] . It is important, however, to discuss various complicating factors that can be encountered in practice. Firstly, the amount of water vapor in the troposphere may be insufficient to extinguish the contributions from the surface, liquid-water clouds, and tropospheric aerosols to the scattered electromagnetic radiation reaching the orbital instrument. It is therefore essential to be able to reject such "contaminated" pixels. This can be achieved, for example, by having a 0.910-μm spectral channel providing independent information on the water vapor amount [29] .
Secondly, depending on the age of stratospheric aerosols, they can be a mixture of two or more components with different size distributions and refractive indices. Although the likelihood of such a scenario decreases with aerosol age, it remains to be seen if highaccuracy multi-angle photopolarimetric measurements can still yield the requisite parameters of such a multimodal population. Achieving this may require, for example, the use of more than nine viewing directions discussed in this paper.
Thirdly, it is not inconceivable that at a certain stage in their evolution stratospheric aerosols can be at least partly nonspherical (e.g., dominated by volcanic ash particles). An unequivocal indication of nonsphericity would be nonzero backscattering depolarization measured by a lidar [22, 25] . Such nonzero (and sometimes substantial) values of the linear depolarization ratio have been reported [30] [31] [32] [33] [34] [35] [36] [37] [38] . Yet the deviation from zero has often been a few percent or less, especially for evolved stratospheric aerosols presumably dominated by sulfuric-acid particles. Such small values suggest that the model of spherical scatterers is likely to be generally applicable. However, flying the polarimeter along with a polarization lidar (either elastic of high spectral resolution) can be expected to benefit polarimetric retrievals, and vice versa. There have been profound developments in the theory of light scattering [39] [40] [41] that can potentially be used in retrieval algorithms explicitly taking into account nonsphericity of aerosol particles such as volcanic ash. Fourthly, the satellite field of view can capture an optically thick cirrus cloud, in which case the retrieval of both stratospheric aerosols and cirrus cloud particles from 1.378-μm photopolarimetry alone may be problematic. Again, parallel lidar observations could help identify and discard cirrus-contaminated pixels. Since the spatial distribution of evolved volcanic aerosols is less heterogeneous than that of cirrus clouds, the loss of cirruscontaminated pixels is unlikely to represent a major problem for the global monitoring of stratospheric particles.
The possibility of aerosol retrievals in situations with cirrus beneath the stratospheric aerosols, perhaps with and without the use of lidar data, needs to be further analyzed. While total intensities recorded by the orbital photopolarimeter would be substantially impacted by cirrus, the second and third Stokes parameters, Q and U, would be much less affected as cirrus are among the least polarizing natural objects [42] . In contrast, stratospheric aerosols are quasi-Rayleigh like at 1.378 μm, with the variation of Q and U at side scattering angles being sensitive to size, and it might still be possible therefore to retrieve useful information on their size and optical thickness.
In summary, endowing a high-precision multi-angle orbital photopolarimeter with a 1.378-μm channel (in combination with a 0.910-μm channel) is highly desirable (if not mandatory) from the perspective of monitoring volcanic stratospheric aerosols and their climate impact. Potentially small radiance levels and stringent accuracy requirements may necessitate having on-board radiance and polarimetric calibration. A good example would be the NASA's APS [12, 27] (see also [43] ). Using the 1.378-μm channel to determine the requisite properties of stratospheric aerosols can be expected to substantially improve the subsequent retrieval of tropospheric aerosols using photopolarimetric observations in other spectral channels.
Finally, stratospheric aerosol geoengineering has increasingly been discussed as a means of addressing the global-warming problem [5, [44] [45] [46] [47] . Should a decision be ever made to attempt geoengineering with stratospheric aerosols, a high-precision multi-angle photopolarimeter equipped with a 1.378-μm channel would provide the critical capacity to monitor detailed and global properties of such man-made particulates. The optimal material of artificial stratospheric aerosols has been the subject of debate [48] [49] [50] , and the corresponding refractive index may differ substantially from that of volcanic stratospheric aerosols. Then, again, the simultaneous retrieval of the requisite parameters of both natural and man-made particulates may require photopolarimetric measurements at an increased number of scattering angles. 
